The purpose of this study was to investigate the adherence of oral bacteria to an in vitro basementmembrane-like matrix and to selected individual macromolecular constituents of this matrix. Radiolabeled bacteria were incubated with basement-membrane-like matrices isolated from PF HR-9 cells. Bacteroides gingivalis 33277, Fusobacterium nucleatum FN-2, and Actinobacillus actinomycetemcomitans GA3(A) bound to the matrix in the range of 44 to 70%, considerably higher than the ranges of A. actinomycetemcomitans GA3(NA) and SUNY AB67 (range, 20 to 25%). The attachment of selected strains of gram-positive bacteria such as Streptococcus and Actinomyces spp. was much less frequent (range, 6 to 25%). Competitive inhibition studies demonstrated that preincubating the bacteria with fibronectin significantly decreased the binding of B. gingivalis by 51% but increased the binding of other gram-negative and gram-positive organisms tested. Similarly, preincubating the matrices with antifibronectin antibodies decreased the binding of B. gingivalis by 31%, whereas the other bacteria tested were either unaffected or binding was increased. The adherence of bacteria to purified basement membrane proteins was also investigated. Strain and species differences were seen in binding, but no clear relationship emerged between binding to an intact matrix and binding to isolated matrix proteins. The results of this study suggest that some gram-negative oral bacteria commonly associated with periodontal disease, such as B. gingivalis, A. actinomycetemcomitans, and F. nucleatum, bound in high numbers to basement-membrane-like matrices in vitro. On the other hand, the gram-positive strains tested bound in much fewer numbers. The results suggest that further studies with this in vitro model may aid in understanding the mechanisms by which oral bacteria adhere to basement membranes.
It is well established that bacteria play a major role in the etiology of periodontal disease (26, 36, 38, 39) . Although dental plaque microorganisms appear to be generally unable to invade the junctional epithelium and underlying connective tissue in periodontal disease, electron microscopy has revealed bacteria within periodontal tissues in some cases of acute necrotizing ulcerative gingivitis (15, 20, 21) , localized juvenile periodontitis (13, 31) , and advanced severe adult periodontitis (7, 29, 31, 43) . Consequently, some investigators have suggested that bacterial invasion may contribute to the pathogenesis of tissue destruction in periodontal disease (1, 7, (29) (30) (31) (32) . However, others believe that the presence of bacteria within the connective tissues does not represent invasion but simply a bacterial translocation in which bacteria are passively carried into the tissues (11, 12, 34) .
The location of the basement membrane between the sulcular epithelium and the subjacent connective tissues makes it the last potential barrier to bacterial translocation from the pocket into the connective tissues (14, 40) . During the last decade, several investigators have demonstrated that the epithelial lining of periodontal pockets has tunnels or holes that may provide bacteria with portals of entry into adjacent periodontal connective tissues (1, 7, 31, 35, 43) . Ultrastructure studies detected focal alterations in the basement membrane in periodontal disease (8, 41, 42) , and immunofluorescence studies showed alterations in the gingival basement membrane in patients with chronic periodontal disease (27) . It remains unclear whether the alterations are due to direct effects from the crevicular bacteria or to indirect responses of the host tissues to the bacteria. In either case, the ability of an organism to adhere to the * Corresponding author. basement membrane appears to be a prerequisite for colonization and infection (2, 10) .
The objective of this study was to develop an in vitro model that would allow controlled studies on the mechanisms by which oral bacterial species bind to basement membranes in vivo. For this purpose, we used PF HR-9 embryonic carcinoma cells, which have been shown to elaborate a basement-membrane-like matrix in vitro (4, 5, 17) composed of Type IV collagen (6) , laminin (33) , heparan sulfate-rich proteoglycans (17) , fibronectin (44) , and entactin (3) . We found that some gram-negative organisms thought to be associated with periodontal disease adhered to the intact matrix in vitro in higher numbers than did some organisms commonly associated with periodontal health. phases of growth. Cells were harvested by centrifugation (10,000 x g for 10 min), washed three times, and suspended in 50 mM KCI containing 5 mM phosphate (pH 7.0), 1.0 mM CaC12, and 0.1 mM MgCI2 (buffered KCl) to the desired spectrophotometric cell concentrations (optical density at 620 nm), as previously determined by direct cell counts in a Petroff-Hausser chamber. Bacteria were radiolabeled by supplementing the culture broth with 5 ,uCi of [3H]adenine (Fusobacterium and Actinobacillus species) or of [3H]thymidine (all others) per ml.
Isolation of extracellular matrices. The PF HR-9 cells (4) which were used for matrix production were seeded onto plastic wells 22 mm in diameter (Costar, Cambridge, Mass.) at 5 x 105 cells per well. The wells were precoated with bovine plasma fibronectin at 50 ,ug/ml in 0.01 M phosphate-0.154 M NaCl (pH 7.2) (phosphate-buffered saline [PBS] ) for 30 min at 25°C, as previously described (17, 18, 48) . The culture medium (DMEM), containing 10% fetal bovine serum, 50 ,g of ascorbic acid per ml, and 10 ,ug of gentamicin per ml, was replaced every other day. After 7 to 10 days, the matrices were isolated according to a modification of the procedures previously described (17, 18) . The culture dishes were washed twice at 37°C with hypotonic buffer (10 mM Tris hydrochloride, 0.5 mg of bovine serum albumin per ml, 0.1 mM CaCl2 [pH 7.5]) and then incubated with the same buffer for 10 min at 37°C, during which time the cells became swollen. The cells were lysed by a brief extraction (2 min at 37°C) with 0.5% Nonidet P-40 nonionic detergent diluted in hypotonic buffer (17, 18) . The dishes containing the isolated matrices were washed four times with distilled water and then incubated for 15 min at room temperature with 0.1 N ammonium hydroxide. They were then rinsed three times with PBS containing 10% fetal calf serum and incubated for 1 h in DMEM plus 10% fetal bovine serum to extract any residual detergent.
Assay of adherence to intact extracellular matrix. Immediately before use in the assay, the freshly prepared matrices were washed three times with buffered KCI. Then 3H-labeled bacteria were added to the matrices in triplicate at various concentrations (106 to 1010 cells per ml) and incubated in a CO2 incubator for 1 h at 37°C. Next, the plates were washed three times with buffered KCI to remove nonadherent bacteria, and the adherent bacteria were lysed overnight in a moist environment with 1.0 ml of 0.5 N NaOH containing 0.1% sodium dodecyl sulfate (SDS) (wt/vol; solubilization buffer). The lysed bacteria and matrices were transferred directly to scintillation vials containing cocktail and counted by scintillation spectroscopy. The total amount of radioactivity associated with each concentration of bacteria added was also counted by scintillation spectroscopy. The counts from the washings and from the lysed bacteria were totaled to ensure complete recovery. The percentage of bacteria bound was determined as follows: (counts per minute of cells adhering to the matrix divided by the total counts per minute added) x 100. The specific activity for each bacterial species was determined so that counts per minute could be directly related to cell number.
For each bacterial species tested, the concentration of cells added to the matrices was optimized to ensure binding under nonsaturating conditions. In addition, the effects of temperature on binding were evaluated at 4, 22, and 37°C. Four binding buffers were tested: buffered KCI (pH 6.0), buffered KCI with 0.1 M HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; pH 7.0), PBS (pH 7.2), and Medium 199 with Hanks balanced salt solution (HBSS) (pH 7.5). The appropriate binding buffer was determined empirically by repeatedly checking the pH of the buffer after it was added to the matrix, after the appropriate bacteria were suspended in the buffer, after it was incubated for 90 min, and after it was incubated for 90 min and centrifuged. Bacterial viability was tested in all cases by restreaking.
Isolation of purified basement membrane proteins. The isolation of fibronectin was similar to that outlined by Vuento and Vaheri (48) . Briefly, outdated human plasma (from the blood bank of our university) was centrifuged at 10,000 x g for 10 min. The plasma, minus the solid components, was then chromatographed on a column of Sepharose 4B (Pharmacia, Uppsala, Sweden). The collection was next chromatographed on a Sepharose 4B CNBr-activated column to bind the fibronectin. The column was washed with PBS, and the fibronectin was eluted from the column by a solution of 4 M urea-0.05 M Tris hydrochloride-10-4 M phenylmethylsulfonyl fluoride at pH 7.5 and collected in 125-drop samples. Each sample was checked spectrophotometrically (optical density at 280 nm) for the presence of the protein. Those samples were pooled, the protein concentration was checked (23) , and the purity was verified by 5% SDS-polyacrylamide gel electrophoresis (19, 25) . The pooled sample was divided into small vials and frozen. Laminin and Type IV collagen were purified as previously described (47), and their purity was demonstrated by SDS-polyacrylamide gel electrophoresis and by immunoblotting with their respective antisera (16) .
Preparation of tissue culture wells. Vials containing laminin and fibronectin were rapidly brought to room temperature. Type IV collagen was allowed to warm gradually to room temperature. Wells were prepared by a modification of procedures described by Vercellotti et al. (47) . The purified basement membrane proteins were individually added to a 0.1 M carbonate buffer (pH 9.6) containing 0.2% NaN3 and brought to final concentrations as follows: fibronectin, 100
,ug/ml; laminin, 50 ,ug/ml; and Type IV collagen, 50 ,ug/ml. A 0.5-ml fraction of each purified protein was then added to 16-mm tissue culture wells (Costar). As controls, some wells contained 0.5 ml of 100 ,ug of bovine serum albumin per ml in carbonate buffer or 0.5 ml of carbonate buffer alone. The wells were allowed to incubate for 12 h at 37°C and were then washed twice with 0.5 ml of carbonate buffer.
Assay of adherence to isolated matrix components. The radiolabeled bacteria were pelleted in microfuge tubes (13,000 x g for 6 min) and suspended in HBSS containing 0.5% human albumin to a concentration of 5 x 108 cells per ml. The wells, prepared as described above, were washed once with HBSS-human albumin. A volume of 0.5 ml (2.5 x 108 bacteria) was then added to each well in triplicate and allowed to incubate for 10 h at 4°C. Next, the wells were washed twice with HBSS-human albumin to remove nonadherent bacterial cells. The adherent cells were lysed with 1 ml of lysing buffer (0.5 N NaOH, 0.1% SDS) for 12 h at 37°C.
The lysed bacteria were transferred directly to scintillation vials and counted by scintillation spectroscopy. The complete removal of adherent bacteria was verified by microscopic examination. The counts from the washings and from the lysed bacteria were totaled to ensure complete recovery. The percentage of bacteria bound and the specific activity for each bacterial species were determined as before. In summary, the binding of each bacterial species to three purified basement membrane proteins (fibronectin, laminin, and Type IV collagen) and two controls (bovine serum albumin and carbonate buffer) was assayed in triplicate.
Inhibition of binding by fibronectin. (45, 46) . Theoretically, two ratelimiting steps to invasion can be proposed: (i) the adherence of the organisms to the barrier and (ii) the ability of the organisms to degrade the barrier. The purpose of this study was to investigate adherence.
The ability of an organism to adhere to a surface is an important determinant of whether it can successfully colonize and is an important prerequisite in the pathogenesis of many bacterial infections (2, 10). However, in vivo studies of bacterial interactions with the periodontal basement membrane remain difficult because of the complexity of the periodontal pocket and the lack of controlled conditions. Consequently, very little is known about the ability of oral bacteria to adhere to basement membranes or the mechanisms by which they may do so.
Bacterial movement from the periodontal pocket to the basement membrane could occur by either active or passive forces. Active, directed movement is not associated with the bacterial isolates investigated in this study because they are nonmotile. However, the possibility of passive translocation by hydraulic forces should be considered. An important characteristic of pathogenesis is the ability of the organisms to adhere to the surfaces that they contact (3) . Bacteria forced into the microulcerations in the epithelium could, and do, come in contact with the basement membrane. Once in contact with the membrane, one of two events could occur: either the organism could be swept back out by fluid flow towards the pocket, or it could adhere. It might be proposed that organisms possessing the capacity to adhere would have a selective advantage and could be considered more virulent.
The results of this study suggest that there are species and strain differences in the capacity of oral bacteria to bind in vitro to intact basement-membrane-like extracellular matrices and to purified basement membrane proteins. B. gingivalis, F. nucleatum, and A. actinomycetemcomitans have been shown to be related to the progression of periodontal disease (37) , and several investigators have suggested that they do invade periodontal tissues (7, 24, 29, 32) . Experimental evidence relating these organisms to the etiology of periodontitis stems from bacterial culture studies, immunologic studies, identification of pathogenic properties associated with periodontal diseases, and animal experiments. In addition, investigations have demonstrated that removal of these organisms from periodontitis lesions is associated with significant healing (37) . In this study, B. gingivalis 33277, F. nucleatum FN-2, and A. actinomycetemcomitans GA3(A) showed significant capacities to bind to the model basement membrane ( Table 2 ). The other gram-negative organisms tested, B. denticola 412-1 and A. actinomycetemcomitans GA3(NA) and SUNY AB67 showed significantly less binding. However, it must be emphasized that specific organisms are still not indisputably confirmed pathogens, nor are they the only important bacteria in periodontitis.
In general, gram-positive organisms are associated with periodontal health (10) . The gram-positive organisms investigated in this study (Table 1) did not adhere to the intact matrix nearly as well as the gram-negative bacteria. The binding of the gram-positive group ranged from 4.5 to 34%, much less than that seen for B. gingivalis, F. nucleatum, and A. actinomycetemcomitans GA3(A). However, this binding was not much different from the binding of the two other gram-negative strains tested. It is tempting to speculate that the capacity of a bacterium to adhere to and potentially degrade a basement-membrane-like matrix may be associated with the pathogenicity of the organism. Further studies are needed to determine whether this relationship can be more clearly established.
To further investigate the molecular mechanisms of adherence, we studied the binding of oral bacteria to purified basement membrane components. Vercellotti et al. (47) previously investigated the adherence of selected bacteria to purified membrane proteins and concluded that grampositive bacteria bound in greater numbers to isolated membrane components than did gram-negative bacteria. This was inconsistent with our results obtained with the intact PF HR-9 basement membrane. The differences may be attributed to the fact that Vercellotti used bacteria not typically associated with the mouth. It is likely that oral and nonoral bacteria have different adherence properties. On the other hand, the differences could be attributed to changes in the physical and structural properties of isolated proteins bound to plastic versus those of the same proteins in the intact basement-membrane-like matrix. We noted both strain and species differences in the adherence of oral bacteria to the purified matrix components, but no associations could be recognized. The differences in binding between isolated matrix components and intact matrices are difficult to interpret. We speculate that the three-dimensional structure may be an important factor in bacterial adherence and that the matrix model is a better system by which such adherence can be studied. Furthermore, the mechanisms of binding are complex and may be mediated by both specific and nonspecific types of interactions. Interestingly, F. nucleatum and B. gingivalis bound to Type IV collagen in significantly greater numbers than did the gram-positive organisms tested. Type IV collagen is the primary component of the PF HR-9 basement-membrane-like matrix, and the results suggest that it may be the major component of in vivo basement membranes to which these bacteria adhere.
The results of experiments testing the effects of fibronectin and antifibronectin antibodies in inhibiting binding to basement membranes suggested a role of fibronectin in the binding of only one of the bacteria tested. The binding of B.-gingivalis to the basement-membrane-like model was inhibited by both fibronectin and antifibronectin antibodies. The other organisms showed either no change or increased binding.
We have described the use of an HR-9 extracellular matrix as a model to investigate the adherence of oral bacteria to a basement-membrane-like matrix in vitro. The results of this study suggest that bacteria associated with periodontal disease appear to bind more readily to an in vitro basementmembrane-like matrix than do bacteria not considered periodontopathic. However, the pathogenicity has not been firmly established for many of the species tested, and too few strains were tested to draw firm conclusions. We speculate that the use of such a model may facilitate studies on the potential invasion of periodontal tissues by oral bacteria and, consequently, may be of use in understanding the mechanisms of adherence in vivo.
